Abstract-Business process management systems traditionally focused on supporting the modeling and automation of business processes, with the objective of enabling fast and cost-effective process execution. As more and more processes become automated, customers become increasingly interested in managing process execution. This paper presents a set of concepts and a methodology toward business process intelligence (BPI) using dynamic process performance evaluation, including measurement models based on activity-based management (ABM) and a dynamic enterprise process performance evaluation methodology. The proposed measurement models support the analysis of six process flows within a manufacturing enterprise including activity flow, information flow, resource flow, cost flow, cash flow, and profit flow, which are crucial for enterprise managers to control the process execution quality and detect problems and areas for improvements. The proposed process performance evaluation methodology uses time, quality, service, cost, speed, efficiency, and importance as seven evaluation criteria. A prototype system supporting dynamic enterprise process modeling, analysis of six process flows, and process performance prediction has been implemented to validate the proposed methodology.
I. INTRODUCTION
I N ORDER to manage enterprise businesses effectively and locate problems and areas for improvements quickly, enterprise decision makers need to use sophisticated process modeling and management tools to understand business processes from various perspectives supported by an intelligent enterprise information system (EIS). Therefore, enterprise modeling and process performance management has been a recent research focus in the development of flexible EISs.
Most organizations today are required not only to operate effective business processes but also to allow for changing business conditions at an increasing rate. Today, nearly every business relies on their EISs for business integration and future generations of EIS will be increasingly driven by business process models. Consequently, business process modeling and improvement is becoming a serious challenge. There have been significant research efforts aiming at improving business process performance such as plan do check act (PDCA) [1] , Initiating Diagnosing Establishing Acting Learning (IDEAL) [2] , Quality Improvement Paradigm (QIP) [3] , and the Capability Maturity Model (CMM) [4] . As to the research of evaluation measurement approaches for process performance, the goal question indicator measures (GQMs) methodology was introduced by Basili and Rombach [5] , refined by AMI [6] and Pulford et al. [7] , and was applied to the goal-driven software evaluation by Park et al. [8] . Especially, Mendonca et al. [9] converted the GQM to another goal question metric for improving evaluation processes. Moller established a conceptual framework for business process innovation in the supply chain to create a new methodology for developing and exploring process models and applications [10] .
How do we evaluate business processes in an enterprise? The answer to this question is the basis of enterprise process simulation and optimization research for business process improvements [11] . Business process reengineering (BPR) is an important concept that has firstly been proposed by Hammer [12] . The fundamental definition of BPR proposed by Hammer in [13] is that starting from the very basic issues, reformation of the reengineering process will dramatically improve an organization in terms of its cost, quality, service, and speed. Therefore, improvement and reengineering of a process are a fundamental tenet of BPR. Cheng et al. [14] refined the definition and description of process reengineering and proposed construction management process reengineering (CMPR) method. In their studies, they especially discussed the customer satisfaction issue and analyzed the cost-structure index of activities. Fitzgerald et al. [15] proposed a determinant framework from results (financial performance, competitiveness) and determinate items (quality, flexibility, resource utilization, innovation) in service business. Lynch et al. [16] presented a performance pyramid for performance measurement (PM) from various metrics such as vision, market, financial, customer satisfaction, flexibility, productivity, quality, delivery, cycle time, and waste. The structural AMBITE PM cube [17] presents three measurement dimensions of business processes, competitive priorities, and manufacturing typology, and it measures enterprise performance from time, cost, quality, flexibility, and environment perspectives. Folan and Browne [18] described the evolution of PM at four levels: recommendations, frameworks, system, and interorganizational PM (IOPM). They proposed that the PM is toward the performance management, and considered process performance management as a future research area.
Virtual enterprises and supply networks consist of multiple organizations. Although various distributed coordination mechanisms have been proposed for supply networks and virtual enterprises, they may not be effective for supply networks because of the difficulties of scheduling tightly related supply operations and handling massive uncertainties involved. Feng et al. [19] explored a price-based multiagent scheduling and coordination framework for supply networks and carried out a experimental study to validate the proposed framework. Zribi et al. [20] proposed a hierarchical method for the flexible job-shop scheduling problem, which was mainly adapted to a job-shop problem with high flexibility and was based on the decomposition of the problem in an assignment subproblem and a sequencing subproblem. Shen et al. [21] proposed an iShopFloor concept based on Internet and agent technologies, applied it to distributed manufacturing scheduling primarily at the shop floor, and showed the feasibility of applying it in virtual enterprises and supply networks. A detailed literature review of agent-based distributed manufacturing process planning and scheduling can be found in [22] .
Grigori and Castellanos, et al. presented a comprehensive and automated approach to intelligent business process execution analysis by applying process data warehouse (PDW) and data mining techniques to process execution data [23] , [24] . This paper presents a methodology toward business process intelligence in process performance management. Especially, measurement models for analyzing six process flows during enterprise process execution and an evaluation architecture using time, cost, quality, service, efficiency, speed, and importance for an enterprise process evaluation are proposed and discussed in detail. A prototype system has been developed and applied to a case study to validate the proposed methodology.
The rest of this paper is organized as follows. Section II describes some key concepts and proposes the architecture of business process intelligence toward the process performance management, as well as the implementation of business process intelligence (BPI) is discussed in Section III. Section IV presents a case study in a design process; Section V concludes the paper.
II. BUSINESS PROCESS INTELLIGENCE METHODOLOGIES
From recommendations, to frameworks, system, and IOPM, IOPM is the highest step of PM, and it emphasizes the process performance management [18] . Amaratunga and Baldry [25] defined the performance management as the use of PM information to realize positive changes in organizational culture, systems and processes by setting agreed-upon performance goals, prioritizing activities and allocating resources, informing managers to either confirm or change current policies or program directions to meet these goals, and sharing results of performance in pursuing these goals. Fig. 1 shows a simplified schematic representation of the performance management process depicted by Smith et al. [26] . The representation contains three steps: measurement, analysis, and response, which are carried out within an organization and influenced by the external environment. All these steps are controlled by manager's strategies according to the conditions of an organization and its related external environment.
Based on the previous performance management process, we propose a schema of BPI toward the performance management system, as shown in Fig. 2 . In the implementation of the proposed system, there are two ways to realize measurement: 1) Using process simulation (P.Sim) to obtain the metric data and simulation information of a virtual organization. The enterprise process models must be first defined well and pass the syntax check within the process definition environment (P.Def). 2) Using process enactment technology or a conventional management information system to get the actual enterprise execution information for measuring the performance of business processes. It is called process measurement (P.Measurement).
There are two ways to realize the analysis step: 1) automatic business process evaluation (P.Eva) and process optimization (P.Opt) and 2) online analytical processing of process flows (Flows OLAP) on the metric data and the information in PDW. Similarly, the Response step includes process monitoring followed by process task scheduling and process control.
III. IMPLEMENTATION OF BUSINESS PROCESS INTELLIGENCE METHODOLOGIES
Based on the proposed methodology, we have developed a prototype of the business process intelligence system from previous two ways. This section focuses on discussing the implementation. Section III-A presents the measurement models for six process flows analysis; Section III-B proposes an enterprise process evaluation methodology; Section III-C presents the actual system architecture and functions of BPI.
A. Six Process Flows
In order to understand better the measurement models, we need to introduce some key concepts related to enterprise process engineering. The total cost management (TCM) [27] approach is based on the belief that an in-depth understanding and the continuous improvement of the business process are the driving forces behind effective management of costs. Activity-based management (ABM) is widely adopted to address these issues because it provides a complete picture of profits and costs of doing business than traditional cost accounting methods. Business process measurement and evaluation are the foundation of business process improvement in the ABM approach. They are also the organizing techniques for improving PM and decision support functions within an organization. In order to realize business process evaluation, an integrated enterprise process modeling framework should be determined. Based on traditional ABM solutions, we offer integrated capabilities in data management, analysis, cooperative control, and behavior description. In the proposed solution, evolved from the SADT and COSMOS model [28] , an enterprise model architecture is proposed [29] , [30] by referencing to the CIMOSA [31] . It is a tridimensional framework including the view dimension, the generality dimension, and the lifecycle dimension.
In the view dimension, an enterprise can be effectively described from five aspects: process, infrastructure, behavior, cooperation, and information as
where [29] - [31] . In the following sections, we will discuss the measurement models for six process flows.
1) Activity Flow: Activity flow represents the execution order of activities in the enterprise process life cycle, which includes activities time order and the structural relationship of activities. The latter can be defined as the structure of the process model. The former could be illustrated within a Gantt chart. Activity flow embodies the parallelism among activities in enterprise processes such as structure parallelism and run-time parallelism. Activity flow is the baseline of enterprise business processes and other stream information are derived from it. Activity flow analysis can be used to support enterprise concurrent engineering and collaborative business management.
2) Information Flow: There are two types of information flows: product information flow and data flow. Like activity flow, product information flow has two aspects. From the vertical aspect of the enterprise process, i.e., from the beginning to the end of a process, product information flow indicates the generation relations between products. The generation of products' tree structure can be referred from the subprocess model by process tracking. It serves as a producing history supporting quality improvement and the tracking of producing responsibility of products. From the horizontal aspect, i.e., upon the input or output of an activity in an enterprise process, product information flow shows its product heap state. The product heap quantity queue in the horizontal product flow can be used to study "zero inventory" and "just-in-time" inventory management. It can reflect the cooperative degree/balance between producing activity and consuming activity for the product.
Data flow is a time sequence to describe the data changes in the behavior model and database or file system. It is ordered by time and used to verify process execution. Similar to the product information flow, the data generated by the activities from start to stop of a process execution form a horizontal data flow, which can be used for analyzing the operations of the behavior model within a process model. The data at one particular point varying over time within the process model are a vertical data flow for analyzing the function of the behavior model in an enterprise model. In fact, enterprise supply chain management is a spread of analysis and management of product information flow and data flow.
3) Resource Flow: Resource flow indicates resource utilization varying with time in the execution of enterprise processes. For example, resource flow on personnel is called personnel flow. The resource consumption is defined in the specification of resources related to an activity. Thus, resource flow can be calculated on the basis of activity flow. The difference between information flow and resource flow is that resources only support activity operations, but not to be changed and processed as information or material products. Therefore, resource flow only focuses on the horizontal aspect, i.e., to calculate the utilization of all kinds of resources during an enterprise process execution.
Definition 1: For a resource r ∈ R, ActsSupported(r) = {x | x ∈ A ∧ r, x ∈ Supporting} is called relative activity set of resource r.
Definition 2: For an activity a ∈ A, a set of cloning activity
where d(a) is the duration of a; ISet(a) is the input product set of a; LT is the last completion time of the products in ISet(a), which represents a cloning activity element. Definition 3: At time t, the utilization of resource r occupied by an activity a ∈ A:
ResUsed (a, r, t) = card(ActivitClone (a, t)) * NUsed(a, r) (4) where card(ActivitClone(a, t)) is the cardinal number of ActivitClone (a, t), i.e., the number of the elements in the set ActivitClone(a, t); NUsed(a,r) is the utilization of r when a runs.
Definition 4: The consumption of resource r for all r ∈ R in process ps at time t is
ResUsed (a i , r, t) (5) where N = card(ActsSupported(r)), i.e., the number of activities related to resource r; a i is the ith activity related to resource r. The discrete order of the resource consumption varying with time is called the resource flow for r.
4) Cost Flow:
Cost flow is a time order of the expense of a business process. In general, cost flow may be divided into resource usage costs and source product costs (i.e., material cost). It is used to show the costs that happen during the life cycle of a process.
Definition 5: For r ∈ R, ResUnitCost: R → R+ is the unit cost relation on R. It is signed as ResUnitCost(r).
Definition 6: The effective cost of r, r ∈ R, related to a process ps in [t 1 , t 2 ] can be calculated as follows:
NoR (ps, r, t)dt (6) where NoR(ps, r, t) is the resource usage of r in the ps at time t. It could be obtained from formula (5) .
Definition 7: Total Resource Cost is the cost consumption for all kinds of resources supporting business activities during the ps' execution in [t 1 , t 2 ]. It can be calculated as
where n = card(R) is the cardinal number of resource set related to the process ps, i.e., the number of resource classes defined in the process ps; Cost is the cost of one kind of resource r i used in process ps in [t 1 , t 2 ]
For a partial-order set A ∪ P, Input ∪ Output , SPS is the maximal set of the source products in the process ps. 
In the process execution (via simulation or enactment), the consumption of source products and resources utilization is recorded and collected. Process effective cost can be calculated, and thus, cost flow is generated.
5) Cash Flow: Cash flow
2 is a measure of a company's financial health. It equals cash receipts minus cash payments over a given period of time; or equivalently, net profit plus amounts charged off for depreciation, depletion, and amortization.
Cash flow is the amount of cash varying during enterprise process execution. Here, we focus on discussing the income of an enterprise. A complete enterprise process model should consist of various subprocesses such as the main production plan, product design, manufacturing, finance management, human resource management, material purchasing and product sales, and so on. The sale subprocess is a part of the process model, and all the incomes can be obtained in this process from customers.
For an intermediate product, its cost can be calculated by adding its source products' cost and the producing cost of all the activities from its source products to itself. Using this method, all end products' costs can be obtained and form the cash flow in an enterprise process.
To analyze the amount and the features of cash flow for an enterprise, we need to discuss the income in the sale subprocess. All the end products in this subprocess are called goods, and the sale prices can be defined in the specification of goods according to their costs.
Definition 11: The goods set in the process sale are a set of end products, which can be described as
For the partial-order set A ∪ P, Input ∪ Output , Gds(Sale) is the maximal number set in the process sale. (10) and (12) .
By dividing the execution time of the enterprise process into n time sections and calculating profits in each section, we can get the cash flow and profit flow in the enterprise process. The prediction of cash flow or profit flow is the key for an enterprise to make decisions on investment and process reengineering. In order to make such decisions, the first thing is to estimate the economical lifecycle of an enterprise. Following is to calculate the income and expenditure in each time section throughout the lifecycle.
During the enterprise process execution, in addition to the investment and outcome for a process, enterprise profits are affected by some elements from external environments such as management and revenue policies. Therefore, profit flow describes actual profits for the enterprise.
B. Dynamic Enterprise Process Evaluation Methodology
During enterprise modeling, the proposed evaluation method supports the following two kinds of enterprise process dynamic modeling: stream-like and project-oriented. The former is characterized by a random discrete sequence to describe a specific distribution of source product arrival frequency. It can be used to describe the processes in mass production. The latter is a kind of process activated by an event set and terminated by an event from the process. It is suitable to describe engineering projects or a single-piece production.
To evaluate different types of processes, different evaluation criteria need to be considered. The proposed evaluation system (P.Eva) enables dynamic analysis and evaluation of the enterprise process from Time, Cost, Quality, Service, Efficiency, 3 http://www.investorwords.com/3880/profit.html Speed, and Importance. The enterprise processes evaluation process can be illustrated, as shown in Fig. 3 . In order to evaluate enterprise processes, the enterprise-level decision model needs to be defined such as enterprise objectives and their weights, and business process's Importance. 1) It is focuses on discussion of previous criteria and the evaluation model. Time, Quality, Service, Efficiency, and Speed are the evaluation criteria of enterprise process performance, and Cost is the economic evaluation criterion. 2) As a weight coefficient of process evaluation value, Importance will be used for comprehensive evaluation of enterprise processes and will be discussed in Section III-B2.
1) Evaluation Models for Enterprise Processes:
Process performance evaluation is related to activity flow, product flow, and resource flow. Therefore, process performance evaluation criteria consist of Time (process duration utility), Service (customer satisfaction), Quality (cost structure utility), Speed (product heap utility), and Efficiency (resource usage utility).
Time means time-to-market, here, it is the process duration utility generated from the activity flow
where m is the number of end products in the process ps; T ex i is the expected duration for the ith product in ps, and it can be referred from the result of simulation or static program evaluation and review technique (PERT)/critical path method (CPM); D(a ij ) is the real duration of the jth activity on the main-timecritical path [32] of the ith product in ps. The average of all end products' time utilities is the whole time utility of ps. Speed is a measurement of the capability of enterprise processes. It is the capability of all activities characterized with product heap utility or the time of the input products waiting for handling by activities defined in Stream-Like process ps. It can be calculated according to product flow in ps, as follows: As an index of resource usage utility, Efficiency is the measurement for the resource utilization during the execution of the process ps. It is an important index for the evaluation of the enterprise process. It can be obtained from the resource flow in process ps, using the following formula:
where k = the number of resource types in process ps; m is number of sections that the whole project cycle be divided; RN(r i ) = the available amount of resource r i ; NoR(ps, r i , t j ) = the actual usage at time t j and can be referred to formula (5) .
Efficiency represents the resource usage utility of a process, and can be calculated using the average of all resource utilization at each time section. The lower the value of Efficiency, the higher the efficiency of the resource.
Service is a measurement of customer satisfaction. To satisfy customer needs, the functional target of a process should be customer-oriented [14] . A company's operation can be viewed as a serial composition of processes. Each process has its targets to achieve. In this framework, it is essential to combine company policies with the targets of each process in order to accomplish the company's policies. Before process analysis, operation policies of a company must firstly be defined. Inclusion of policy demands is also essential for the realization of a company's operation policies and the customer needs. The main steps of the evaluation process are described as follows.
a) Determination of process target's weight: This study has developed a target attainability matrix for transforming company policies and customer demands into targets of the processes. The score of the relative importance (w i ) of each process target can be calculated using the following formula:
where w i = relative importance weight for process target i; m = number of customer's demands; n = number of process targets; i is the index of process targets; j is the index of customer demands; r ij = corresponding rating between the ith process target and jth customer demand (r ij = 1, 3, 5); and p j = emphasis degree of the jth customer demand (p j = 1, . . . , 5).
The score of the process target (w i ) represents the degree of satisfaction that the process target delivers to the customer. The higher the score of w i , the more the customers' satisfaction completed.
b) Analysis of process target achievement:
A quantitative method is used to calculate the achievement of each process target that the operational functions complete. In process definition environment (P.Def), some properties need to be defined in each activity, such as mapping of activities to process targets (i.e., application components) and the attainability of each activity for each process target A ik (0-10/10) evaluated by the senior managers. Using this information, the process target achievement matrix (PTAM) can be built on the basis of process model, and the process target attainability P A i (0-w i ), achieved by the process activities, can be calculated. The total process attainability (Service) of the targets endowed by each activity and the degree of contribution (C k ) endowed by each activity are also identified. The equations for calculating PA i , Service, and C k are demonstrated as follows:
where g = number of process activities; n = number of process targets; PA i = attainability of the ith process target achieved by the process activities; A ik = activity k s attainability of the ith process target; Service = total attainability of process to the targets (Service = 0-1); and C k = contribution of activity k . PA i , Service, and C k can be used as indexes for process evaluation. PA i represents the process attainability of a certain process target, and the higher the value of PA i , the more probable the attainability. Service represents the utility of total attainability of the process, and the lower the value of Service, the more suitable the operational function related to the process targets and the higher customer satisfaction about the process. C k represents the contribution of a certain operation to all process targets; the higher the value, the greater the contribution, which also means that the function is more likely to satisfy customer demands.
Quality is used to analyze the cost structure of activities. In addition to analyzing process target achievement, we need to discuss the cost structure of activities in the process model. As another important factor of process evaluation, Quality mainly concerns the characteristic of the process structure such as the ratio of value-added and nonvalue-added, and primary and secondary. Generally speaking, the higher the cost efficiency of transforming the process cost into the value of the external customers, the better the quality of a process; and the higher the cost efficiency of the process in supporting the primary activities to achieve their targets, the better the quality of a process.
According to the ABM technology, an activity whose producing value is of use to external customers is called a value-added activity, and the opposite activity is called a nonvalue adding activity; a primary activity is a direct supporting task of a process, and the opposite activity is called a secondary activity. So, during the enterprise process modeling, modeling engineers need to define these characteristics for each activity. The total cost of process can be calculated using formula (10) . In the same way, we can get the total cost of value-added activities and primary activities, respectively, only by restricting the computing domain for activities. The value-added index and primary activity cost index can be calculated using following formulas:
where V index is a value-added index and represents the cost efficiency of a certain process that satisfies the external customers' demands; T cova = total cost of value-added activities; T Pcost = total process cost; P index is a primary activity cost index and depicts the cost efficiency of the process in supporting the primary activities to achieve their targets; T cop = total cost of primary activities. Process cost structure index, i.e., process quality index, can be obtained as follows:
Quality is used to represent the overall score of the process in terms of cost structure. w v is the weight used by managers for weighting V index while conducting the process cost structure evaluation. In general, if we more concern the customer satisfaction, a lower weighting (w v ) is given.
Process economy evaluation criteria (PEEC) are used to evaluate economic issues such as cost flow, cash flow, and profit flow. The difference is that Quality has an emphasis on the analysis of cost structure of a process, while economy evaluation concerns the relationship between the economic flow and market expectation.
In fact, cost flow, cash flow, and profit flow are similar in reflecting PEEC. PEEC can be represented using process cost utility, cash flow utility, and process profit utility. But only one of them can be combined with performance evaluation criteria to evaluate the enterprise process. Here, we only discuss the process cost utility.
Process cost utility, Cost, is generated from cost flow, and it is used to represent the total cost utility of the process, as in
P cos t(ps, t i , t i + ∆t) − P cos t e (ps)| P cos t e (ps) (24) where Pcost(ps, t i , t i + ∆t) = the running cost of process ps in time (t i , t i + ∆t). The process cycle is divided into m parts. Pcost e (ps) is the expectation cost for process ps. In general, the smaller the value of Cost, the bigger the competitive power of an enterprise process.
2) Enterprise Processes Evaluation Methods: a) Single process evaluation and process redesign: During the enterprise diagnosis, we should analyze each process from the aforementioned aspects and give a total evaluation for each process. In general, using linear weighting for each index, a sum of each weighting index is the total evaluation of a specified process.
Process cost utility is used for representing the economic evaluation. A total process evaluation consists of process performance evaluation criteria and process economic evaluation criteria such as Time, Service, Quality, Speed, Efficiency, and Cost. All of the evaluation objectives, the objective values, and the related weighting coefficients must be defined in the enterprise decision model by decision makers according to their significance. A total process evaluation Process i value can be calculated as follows:
where w 1 -w 6 are the weights for the related evaluation criteria and w j = 1, j = 1, . . . , 6. The smaller the value of Process i value , the better the process model. The analysis results derived from the process evaluation system can be used to identify the major defects of the process. According to the process target attainability (PA i ), the satisfaction measure of customers' demands can be identified and whether new activities are required can be determined. Process contribution (C k ) is an index that measures the contribution of each activity to the process. The value-added index (V index ) is applied to determine the cost efficiency of transforming the process cost into the value of the external customers. The primary activity cost index (P index ) is used to examine the cost efficiency of the process in supporting the primary activities to achieve their targets, and forms a basis for process management. The process value Process i value is a function of a process structure performance and economical criteria, which can be calculated by formula (15) with Service, Time, Speed, Efficiency, Cost, and Quality. Process i value is an index to determine whether or not the process reengineering is necessary.
b) Integrated evaluation for enterprise processes: In a complex enterprise, usually, there are many processes with different business targets. How do you evaluate it? As known, different business processes usually have different levels of importance. According to each process' Process i value and its importance, our dynamic evaluation system of the enterprise process can give a total evaluation and the analysis result of redesign advices. The integrated evaluation of enterprise processes can be calculated as (26) where pw i = the importance of the ith business process; Process i value = the evaluation value of the ith business process; n = the number of business process; Enterprise value is the integrated evaluation for enterprise processes.
C. System Architecture and Functions

1) Architecture of Business Process Intelligence:
Business process intelligence (BPI) based on dynamic enterprise process modeling (DEPM) and process data mining (PDM) technology facilitates to enterprise decision makers with an intelligent analysis for business process evolution, of which the most important components have been implemented in the Software Engineering Institute of Beihang University in China such as the following four subsystems: process definition (P.Def), process simulation (P.Sim), process optimization (P.Opt), and process enactment (P.Ena). Fig. 4 illustrates an architecture of BPI toward the process performance management and the evolutionary process of the enterprise process along the direction of grey color arrows. In Fig. 4 , from bottom to top is the process of business processes data to be mined for process flows analysis. Now, we begin to introduce BPI mainly focused on DEPM, PDM, and flows analysis and prediction.
2) Functions of Business Process Intelligence: a) DEPM: Process definition, process simulation, process optimization, and process enactment are the four key technologies of DEPM.
P.Def includes Process design tool, process management, process objectives, and process semantic mapping. Process design tool is a set of graphical editors with the capability of syntax and semantics checking. Process management is responsible for generating an instance model according to its specific definitions and the model instances management and supporting rapid modeling based on component base and the reference models of industry sectors. Process objectives and process semantic mapping provide the functions of enterprise process objective definition and process semantic description and mapping.
The function of P.Sim is to analyze an enterprise process instance and provides the dynamic enterprise process information to enterprise managers and P.Opt. P.Sim contains process instantiation, simulator, dynamic PERT, process metric and animation, etc.
P.Opt is a process optimization tool using an FR-TS algorithm [33] . It consists of process evaluation, model learner, process parameter generator, feature analysis, and parameter optimizer.
The outputs of P.Opt include a set of optimized process models and a recommended process model to assist decision makers. The selected optimal process model can be enacted in P.Ena for enterprise process monitoring and controlling.
All functions in the response step are integrated in P.Ena such as process measurement, process task scheduling, and process monitoring and control. During process operation, some new requirements will be fed back to P.Def via Strategy if a change in its external environment is detected and the process needs to be improved.
The measurement of the various process flows such as activity flow, product flow, resource flow, and cost flow is implemented in P.Sim. Process evaluator (P.Eva) is necessary to assist enterprise managers to analyze, evaluate, and optimize business processes. It analyzes the metric data generated by process simulation according to the proposed methodologies in Sections II, III-A, and III-B, and generates a total process evaluation value for enterprise processes according to the business features and decision model. Two core components model learner and parameters optimizer are implemented in P.Opt. Model learner receives the training set prepared by process evaluator as inputs. A learning algorithm called Fletcher Reeves is applied to learn from this dataset. Model learner can learn to approach the local optimal solutions along the direction of seeking optimization, and the local worst solution in the opposite direction. The area, from the LocBest to the LocBad, is taboo domain for the next seeking optimum. We call it a Tabu Region. Parameter optimizer uses an expanded Tabu Search algorithm to implement global optimization. In this algorithm, using the concept of Tabu Area (linked with multiple Tabu Regions) speed up the process optimization.
The integration of previous two methods is called the FR-TS algorithm. Using the FR-TS algorithm, we can track the process evolution [33] .
b) PDW and data mining engine: There has been a tremendous growth in the area of data management and decision analysis during the last few years. The growth is primarily in the direction of data integration for providing accurate, timely, and useful information. Data warehousing is playing a major role in the integration process. Construction of a data warehouse is generally based on a data warehousing process (DWP) methodology [34] . Currently, there are a good number of methodologies available in the data warehousing area. The reason for this is the lack of any centralized attempts at creating platform-independent DWP standards. The development of such standards is very important. Sen and Sinha [35] reviewed 30 commercial data warehousing methodologies and analyzed the standard practices they have adopted with respect to DWP. It provides valuable insights into the prevailing standard practices for different DWP tasks-system development, requirements analysis, architecture design, data modeling, extract, transform, and load (ETL), data extraction, and end-user application design-and identifies important directions for future research on DWP standardization.
In order to support business process intelligence, we need to build an enterprise's PDW. PDW contains a wide set of aggregated information describing typical performance metrics. PWD Loader collects data from process instance base with the taxonomy definition, enterprise model information (process, behavior, resource and organization, cooperation, and information), process instance state information (process state changes, resource service state changes, and activity state changes), and process performance metrics. PWD Loader can be activated periodically or upon requests. At loading time, a consistency check is done for process instance data. Data in the PDW can be directly accessed with a commercial reporting tool. Analysts can also use flows OLAP to obtain enterprise processes execution information such as the six process flows.
A PDW mining engine provides a way of "intelligent" analysis and prediction by executing data mining algorithms on the PDW for analysts to understand the causes of specific behaviors and to generate the prediction models that can be used to predict the behavior and performance of a process instance, the activities, and the resources. PDW mining module usually can be decomposed into following four steps. 1) Process data preparation: A process analysis table needs to be prepared for restrictedly obtaining instances and the behavior information from PDW for the classifier. The process analysis table includes one row per process instance, and where the columns correspond to the "interested" process instance attributes. 2) Behavior analysis preparation: This phase generates a process-and behavior-specific view joining process analysis and process behavior tables. The obtained view includes all the information required by the classification tool to generate the classification rules. 3) Mining: A variety of data mining and classification applications are available on the market. We can choose a commercial or off-the-shelf tool. In this step, we need design and develop a component, classifier, mapping the behavior analysis problem into a classification problem.
The classifier then generates the classification rules and stores them in the "Analysis and Predictions" database. 4) Interpretation: The classification rules can be viewed by analysts in the form of decision trees and can be used to facilitate understanding the causes of certain behaviors. In some cases, analysts may want to repeat the classification after removing some features in the training dataset, to force the classifier to focus on the specific characteristics in which they are interested. c) Process flows OLAP analysis and prediction: Decision analysis can be used to assist the manager to choose the reasonable enterprise process model and to do reasonable reengineering by flows analysis and prediction.
The process of selecting an appropriate technique for evaluating human and automated systems requires knowledge of the objectives of a task and a realistic environment to assess the performance. Howard [36] discussed an approach for predicting system performance resulting from humans and robots performing repetitive tasks in a collaborative manner to enable systematic estimation of system performance for human-robot scenarios.
Here, in order to give a reasonable explanation for the metric information or future predication, the process diagnosis reasoning tool usually analyze the tasks (analysis versus prediction), metric scope (generic versus user-defined), focus of prediction (targeted versus untargeted), and status of the instances' subjects by using data mining algorithms. The decision tree for processes analysis and prediction is illustrated as Fig. 5 .
Process Flows OLAP analysis can provide process flows information statistics reporting and a kind of advanced function of explanations and predictions on a wide variety of process flows metrics and behaviors by using data mining and the application of dynamic PERT [32] . Here, we would like to discuss business process analysis and prediction problems from scope, focus, and status.
Process flows analysis refers to the problem of detecting "interesting" behaviors of one or more process executions and providing explanations for the situations in which such behaviors typically occur.
Analysis on business process execution can be targeted or untargeted. In a targeted analysis, we ask BPI to explain why a process metric gets a certain value. Process flows analysis may be divided into general targeted analysis and user-defined targeted analysis depending on enterprise characteristics. In some cases, users are interested in finding "interesting" patterns that may be an indication of a situation that they are not aware of.
Process prediction refers to the problem of providing analysts with information about the outcome of a running process instance, or even information about instances yet to be started, such as how many orders will be placed tomorrow or what will be the predicted total order value. There are essentially two kinds of metrics that can be analyzed or predicted: general and user-defined. General metrics are applicable to any process, and are needed in many analysis scenarios. On the other hand, user-defined metrics are related to aspects that are specific to a particular process or to a group of processes, and cannot be easily generalized.
IV. CASE STUDY
A practical business process, as shown in Fig. 6 , was used to describe a process of project-oriented process modeling for designing an airplane by using the prototype system to validate the proposed methodology. There are two processes in this business process, namely: Total Design and Draw a design. Total Design consists of ten subprocesses, namely: 2001, 2002, . . ., and 2010, to describe the detail process of the total design process such as integrated design, weight analysis design, geometrical shape design, differential coefficient design, and the pipe design for air entrance and exhaust. Each of these subprocesses has various activities associated with them. The outputs of total design will be used to draw a design model. Because of the information secrecy of the airplane design process, we just simply discuss the business process models and the brief information.
In a real application, a decision model should be defined first according to the requirements and the characteristics of the industrial sector. Some objectives and the weights can be specified easily and quickly in the decision model editor to adjust the "weight" of different evaluation criteria according to the results of process simulation and the experiences. In Fig. 7 , there are five objectives available, and the selected objectives with the importance are Efficiency (3/10), Speed (3/10), Time (2/10), and Cost (2/10). The predefined time limit is 1000 h and the cost limit is Y −75685.99. After analyzing the design process, the proposed system can provide a process diagnosis report and some advices for process reengineering and redesign, which are useful in the design process of new airplanes.
In this case study, we use process simulation and flow analysis technology to get different kinds of data such as activities Gantt chart, resource efficiency, process cost, and cost flow information scheduled by a four-level scheduling strategy combined with eight kinds of basic rules. Before process simulation, we need to define the coordination rules. Fig. 8 illustrates the process of the composite rule definition.
As shown in Fig. 8 , the selectable scheduling rules include the basic rules such as highest priority first serve (HPFS), minimum slack time first serve (MSFS), first come first service (FCFS), service in random order (SIRO), shortest operation time (SOT), longest operation time (LOT), longest remaining processing time (LRPT), and shortest remaining processing time (SRPT) [33] . The process simulation and enactment will execute enterprise processes according to the sequence of selected scheduling rules. HPFS is usually used as the first-level rule, while SIRO as the latest level schedule rule. The simulation results indicate: 1) when simulating within the mode of nonresource-matching pattern, the simulation result is the best if we select the composite rule HPFS/LRPT/FCFS, and HPFS/MS/ * or HPFS/FCFS/SOT is second; and 2) for the mode of resource-matching pattern, the combination of HPFS/MS/ * is the best and HPFS/LRPT/FCFS is second. After executing the intelligent optimization module on the airplane design process model, the design process was optimized with the resource reconfiguration. Fig. 9 illustrates that using the FR-TS method can rapidly track the local optimization, and break through the restriction of the seeking local optimum for the global optimization solution.
Comparing with the real data of the airplane design process, the duration of the design process can be decreased more than 1250 h if the design process is scheduled with combined rule of HPFS/LRPT/FCFS with related software system.
After applying the proposed system in the evaluation of some enterprise process of manufacturing and service enterprises, we have obtained some conclusions and recommendations as follows (more detailed results can be found in [29] ).
1) The combined rule HPFS/LRPT/FCFS is usually suitable for the management of research projects because of noprediction of research activities. 2) The combined rule HPFS/MS/FCFS is usually suitable for the management of customization projects within the mature techniques such as construction industries.
3) The combined rule HPFS/FCFS/ * is usually suitable for the service industries such as transport industries.
V. CONCLUSION AND PERSPECTIVES
This paper systematically presents a set of concepts and technologies to business process intelligence toward the process performance management, which support enterprise business reengineering and process flow analysis and prediction. The main contributions of this paper include the following.
1) A set of new concepts of business process intelligence toward the performance management. 2) Measurement models for six process flows analysis such as activity flow, product flow, resource flow, cost flow, cash flow, and profit flow. 3) A dynamic enterprise process performance evaluation methodology using Time, Quality, Service, Cost, Speed, Efficiency, and Importance as seven criteria. 4) Validation of the proposed approach through a prototype system supporting DEPM, and analysis and prediction of process flows toward the performance management. As an application software support tool, the proposed performance management system can be used for effectively supporting business process intelligent analysis and BPR in smalland medium-size enterprises. However, there are currently some limitations for the proposed system in the evaluation of complete and large-scale enterprise processes because of the simulation mechanism, which is based on event queuing theory and the specified cooperative schedule strategies for a whole enterprise process in a single-level structure. It cannot describe the difference in schedule strategies for different processes in a large organization. Our future work is to improve the proposed performance management system by combining ontology [36] with the event queuing theory and cooperative schedule strategies using the multiagent technology to implement process ontology [37] , [38] . In this way, the different schedule strategies can be defined for different processes, and the simulation of the enterprise process will be implemented with a kind of the cooperative simulation of multiagent systems among the subprocess models and the agent-based process simulation within the subprocess model.
